Purpose-To evaluate the performance of a high spatial resolution 2D phase-contrast (PC) MRI technique accelerated with compressed sensing for portal vein (PV) and hepatic artery (HA) flow quantification in comparison with a standard PC MRI sequence.
INTRODUCTION
Portal hypertension (PH) is an important cause of morbidity and mortality in patients with liver cirrhosis. Manifestations of PH include ascites, splenomegaly, and varices which carry a high risk of bleeding [1] . The definitive diagnosis of PH is the invasive measurement of hepatic venous pressure gradient (HVPG) [2] [3] [4] . There is a strong need for non-invasive markers of PH in patients with chronic liver disease to provide screening for PH and to monitor changes after medical therapy and/or TIPS (transjugular intrahepatic portosystemic shunt) placement. PH is associated with changes in hepatic blood flow, including a decrease in portal venous (PV) flow and velocity due to a higher parenchymal resistance to flow, and an increase in hepatic arterial (HA) flow and velocity secondary to an arterial buffer response [5] . The effects of PH on liver hemodynamics have been investigated using Doppler ultrasound [6] [7] [8] [9] and phase-contrast (PC) MRI [10, 11] . With Doppler ultrasound, variable correlations ranging from −0.2 [6] to −0.69 [8] were observed when comparing PV blood flow and mean velocity with HVPG measurement, although no correlation was found in one study [9] . The variability of these findings may be due to the high inter-observer variability of the technique. Phase contrast (PC) MRI is a viable option to measure blood flow with lower variability than Doppler ultrasound [12] [13] [14] , while offering slice [15] or volume [16] [17] [18] depiction of the main hepatic vessels. Using 2D PC MRI, Nanashima et al [11] found a significant negative correlation (r −0.722) between PV velocity and portal pressure measured during hepatectomy. HA circulation was investigated by Wilson et al [19] , who reported higher HA flow in 8 patients with PH compared to 9 patients with no PH. Of note, while the measurement of total hepatic blood flow has been studied in healthy volunteers [14, 15] , fewer studies have reported concomitant HA and PV flow in subjects with liver cirrhosis using 2D PC MRI [17, 20] .
Although PC MRI is a valid technique for hemodynamic assessment of liver cirrhosis, it can be hampered by long acquisition times, because of the need to acquire multiple velocityencoded datasets. In the abdomen where breathing motion imposes short breath-held acquisitions, only moderate spatial and temporal resolutions may be achieved with conventional techniques. Higher resolution may be reached using navigator or respiratorygated acquisitions, although the scan time of such techniques is significantly longer. Faster imaging, with acceleration techniques such as parallel imaging [21] [22] [23] or compressed sensing [24, 25] , should provide better vessel depiction, by improving the spatial and temporal resolution.
The main objective of this study was to evaluate a highly accelerated compressed sensing 2D PC MRI sequence for HA and PV hemodynamic measurements in comparison with a standard PC MRI sequence. A secondary objective of the study was to investigate the performance of both PC MRI sequences for the diagnosis and assessment of severity of liver cirrhosis.
We hypothesized that a compressed sensing PC MRI technique would allow a better depiction of hepatic vessels than a technique using parallel imaging acceleration, thus improving precision for HA flow measurement.
PATIENTS AND METHODS

Patients
This was a HIPAA compliant prospective study approved by an exemption from our institutional review board, and funded by ----. From May 2012 to July 2012, 99 patients underwent routine liver MRI exam including PC sequences to assess hepatic blood flow. A total of 23 subjects were excluded from the study for the following reasons: TIPS (n=3), post-liver transplant (n=15), or difficulty breath-holding (n=5). 76 patients were assessed (M/F 48/28, mean age 54 ± 13 y), including 39 non-cirrhotic patients (M/F 21/18, mean age 46 ± 14 y) and 37 with cirrhosis (M/F 27/10, mean age 61 ± 9 y). The diagnosis for liver cirrhosis was established in the presence of hepatic contour nodularity and the presence of signs of portal hypertension (including varices, splenomegaly or ascites). The diagnosis was confirmed with histopathology when available (n=8). In cirrhotic subjects, the etiology of liver disease included: chronic hepatitis C (n=21), chronic hepatitis B (n=5), alcohol abuse (n=5), nonalcoholic steatohepatitis (n=4), genetic hemochromatosis (n=1) and primary biliary cirrhosis (n=1). Child-Pugh class was determined in 36 cirrhotic subjects (blood tests were not available in one subject), with the following distribution: A (n=20), B (n=14) and C (n=2). In non-cirrhotic subjects, indications for MRI were hepatic steatosis (n=6), chronic hepatitis B (n=5), chronic hepatitis C (n=4), genetic hemochromatosis (n=1), sarcoidosis (n=1), nonalcoholic steatohepatitis (n=1), Wilson's disease (n=1), benign hepatic lesions (n=8), liver metastases (n=3), acute pancreatitis (n=1), acute cholecystitis (n=1), biliary distension (n=1), primary sclerosing cholangitis (n=1) and potential liver donors (n=5). Liver biopsy was available in 9 subjects in the non-cirrhotic group (n=2/3/4 with METAVIR stages F1/F2/F3) and 8 subjects in the cirrhotic group (METAVIR stage F4).
Phase-contrast MRI
All examinations were performed on a 1.5T scanner (Avanto, Siemens Healthcare) equipped with body and spine coil arrays (12 channels) by experienced technologists. Cine 2D PC MRI was performed after routine sequences [including a 3-axis balanced SSFP (Steady State Free Precession) localizer, axial and coronal HASTE) and before contrast injection. Two gradient echo-based PC acquisitions were performed (Table 1) , first using parallel imaging acceleration [21] (Generalized Autocalibrating Partially Parallel Acquisitions, labeled PC-GRAPPA) then followed by an acquisition combined with compressed sensing acceleration [25, 26] (labeled PC-SPARSE), for which patients were asked to hold their breath at end expiration (15-20 s per acquisition). After the PC measurements, gadolinium contrast was injected as part of the routine exam, and the arterial, venous and liver enhancement phases were obtained using an axial 3D gradient echo T1-weighted VIBE (Volume Interpolated Breath Hold). Patients were not asked to fast before the study. The slice for PC imaging was selected perpendicular to the main PV, 1-2 cm below the bifurcation, using a balanced SSFP sequence to locate the PV. The same plane was measured by PC-SPARSE and PC-GRAPPA, and both sequences had similar breath hold duration.
Interpolation was performed for PC-GRAPPA to yield similar voxel size as PC-SPARSE. For each sequence, the acquisition consisted of dummy excitation for the first cardiac cycle in order to reach steady state, followed by 17 heartbeats. A retrospective pulse triggering approach was chosen in order to preserve steady state.
PC-SPARSE sampling and reconstruction
The PC-SPARSE sequence with compressed sensing implementation was locally developed and has been previously published [27] . Incoherent artifacts are crucial for successful compressed sensing reconstruction. These artifacts were generated using a variable density random Cartesian sampling in the phase encoding direction, with a 8 th degree polynomial weighting function featuring higher sampling density near the center of k-space ( Fig. 1 ). To achieve incoherence in the dynamic direction, a different random sampling pattern was generated for each cardiac phase and each velocity encoded or reference measurement (for example, an acquisition of 20 cardiac phases would result in 40 different sampling patterns). The sampling pattern was generated at runtime depending on sequence parameters and was different for each subject. For image reconstruction a conjugate gradient approach was selected, using temporal principal component analysis as a sparsifying transform, similar to an algorithm used previously [27, 28] . 30 iterations were used for convergence and we selected a weight of 0.01 that trades off sparsity vs. data consistency [25] . In addition, the algorithm included multiple receiver information in the compressed sensing framework, as described previously [26] . Reconstruction was performed on a Mac Pro workstation (Intel Xeon, 16GB RAM), and took 60-120 min per scan. Once the images were reconstructed, magnitude and phase difference images were derived and background phase correction was performed on the phase difference image, using a 2 nd order polynomial fit performed on static tissue.
Flow phantom validation
PC-GRAPPA and PC-SPARSE techniques were validated in a flow phantom experiment against a high resolution reference phase contrast sequence labeled PC-REF with the following parameters: Venc 50 cm/s, temporal resolution 40.7 ms, spatial resolution 1.04×1.04 mm 2 , TR/TE 6.7/4.0 ms, flip angle 15, no parallel imaging acceleration, acquisition time 1:48 min. All phantom experiments were performed on a 1.5T scanner (Magnetom Aera, Siemens). The in-vitro setup consisted of a controllable gear pump (MP Chemflo unit, Quackenbush Co., Inc., Illinois, USA) generating steady flow in a module consisting of 5 MRI compatible tubes (diameters of 5, 7, 13, 19 and 26 mm) placed on the scanner table. The circuit was set to atmospheric pressure.
Image analysis
Image quality-Two independent observers [observer 1 and observer 2, radiologists with 3 and 1 year(s) of abdominal MRI experience, respectively] assessed PC image quality using Osirix DICOM viewer. Readers were blinded to the sequence type and series were randomized. Image quality was assessed on magnitude images as follows: HA and PV delineation (1: blurred, 2: mildly blurred: 3: sharp), vessel-to-background contrast (1: minimal, 2: moderate, 3: excellent) and background artifacts (1: severe, 2: moderate, 3: minimal/none). Quality ratings were added to yield an overall quality score (maximum 15 per sequence and patient).
PC MRI quantification-The phase contrast plane selection as well as presence and anatomy of HA branches on PC imaging were confirmed by observers 1 and 2 in consensus using contrast-enhanced imaging (axial VIBE performed during the arterial phase after contrast injection). The HA was assessed only when the main HA was parallel to the PV. In the case of multiple HA branches/early bifurcation, total HA flow was computed as the sum of all branches when present on PC imaging. Subjects with no visible HA on PC MRI, or with in-plane HA component were excluded from the HA flow evaluation. Quantitative analysis was performed by observer 3, a post-doctoral fellow with 3 years of experience in image processing. Regions of interest (ROIs) were drawn on the vessel contour in the HA and PV using local software developed on Matlab (2012b, Matworks, Natick, Mass). The magnitude image was used to select brighter vessels and discard low intensity regions. ROIs were propagated across the cardiac cycle and pixel velocity was extracted from the phase difference image at each phase of the cardiac cycle (Fig. 2) . The choice of Venc = 50 cm/s, although higher than the range of PV velocities, was found to induce phase aliasing in the HA at systole in some subjects. Therefore an anti-aliasing technique was implemented that corrected the aliased pixels with velocity between 50 and 100 cm/s in the HA. After ROI processing, mean vessel velocity (cm/s), total flow (mL/s) and vessel area (mm 2 ) were averaged over the cardiac cycle for the PV and HA. In addition, arterial fraction (ART in % = 100 x HA flow / HA flow + PV flow) was computed from the PV and HA flow parameters for both sequences.
Flow phantom-Observer 3 performed flow quantification for in vitro experiments, using in house software designed on Matlab. The magnitude image was used to segment the inflowing fluids, using the same threshold value for all 3 sequences (PC-GRAPPA, PC-SPARSE and PC-REF). Velocity was extracted in each pixel, in order to compute mean velocity and flow. Area was estimated as (pixel count) x (spatial resolution).
Statistical analysis
Statistical analysis was performed using Matlab statistics toolbox (2012b). Wilcoxon ranksum test was used to compare PC-GRAPPA and PC-SPARSE in terms of image quality and flow parameters. Bland-Altman analysis was performed to compare flow parameters between both in vivo sequences. Comparisons between subjects with and without liver cirrhosis and between cirrhotic subjects with Child Pugh A vs. Child Pugh B and C were assessed using Mann Whitney nonparametric test. Dependence of flow parameters with Child-Pugh class was assessed using Spearman rank correlation coefficient.
RESULTS
Flow phantom experiment
Two tubes of 13 mm and 5 mm diameters were selected to emulate the PV and the HA, respectively (Fig. 3) . Flow parameters derived from the phantom experiment are summarized in Table 2 . The largest deviations from the reference acquisition PC-REF were observed for PC-GRAPPA when measuring the 5 mm-diameter tube. Poor definition can be observed for PC-GRAPPA in the 5 mm-diameter tube (Fig. 3) .
Image quality and HA selection (Table 3) Among the 76 patients, all subjects had successful flow measurement in the PV, while 31 had successful flow measurement in the HA. In the 31 cases with HA measurement, the HA was clearly identified with both sequences. PC-SPARSE had better overall quality than PC-GRAPPA (p <0.02), especially for edge delineation (p <0.034 for PV, p <0.001 for HA). PC-SPARSE had however more artifacts than PC-GRAPPA (p <0.013 for both observers).
Comparison of in vivo flow measurements between sequences
Bland-Altman limits of agreement between the two sequences were larger for the HA than for the PV (SD range 40-50% and 15-20 % respectively) ( Table 4 , Fig. 4 ). Flow and vessel area were significantly lower for PC-SPARSE (p ≤0.003) in both vessels.
Flow parameters in cirrhosis (Table 5)
One subject (classified Child-Pugh B) had hepatofugal PV flow, resulting in negative PV velocity and ART >100%. In all other subjects, PV flow was hepatopetal. Subjects with cirrhosis had significantly lower PV velocity using PC-GRAPPA and PC-SPARSE (p <0.001 for both) ( Table 5 ). PV flow was also significantly lower in these subjects using PC-GRAPPA (p = 0.006) and PC-SPARSE (p = 0.042), and the observed ART was higher, although without significance. Correlation with Child-Pugh class was moderate for PV velocity (r = −0.50, p < 0.001 for PC-GRAPPA and r = −0.50, p < 0.001 for PC-SPARSE), and weak for PV flow (r = −0.32, p = 0.006 for PC-GRAPPA, r = −0.24, p = 0.038 for PC-SPARSE), while no significant correlation was observed for ART (p >0.09).
No significant difference was observed between patients with compensated cirrhosis (ChildPugh A) vs. those with Child-Pugh B and C. In Child-Pugh B and C patients, PV velocity was lower and ART was higher, with a trend towards significance for PC-SPARSE (p = 0.050 and p = 0.055 for PV and ART respectively) ( Table 5 ).
DISCUSSION
We evaluated fast breath-held PC MRI acquisitions for hepatic blood flow quantification and their potential for assessment of cirrhosis. A high resolution compressed sensing technique (PC-SPARSE) was developed in order to improve hepatic vessel detection, and was compared to a lower spatial resolution parallel imaging technique (PC-GRAPPA) for the measurement of PV and HA flow and velocity. We found that PC-SPARSE presented better delineation of hepatic vessels, and provided lower estimated flow and area, as also shown by in vitro validation experiments. PV flow and velocity were significantly lower in cirrhotic patients, and moderate correlation was observed between PV velocity and ChildPugh class, with similar performance for PC-SPARSE and PC-GRAPPA. HA flow parameters and arterial fraction (ART) did not reflect significant change in cirrhosis, although higher ART was observed in advanced cirrhosis subjects (Child-Pugh B and C), with a trend toward significance using PC-SPARSE.
Compressed sensing is a recent theory that may provide increased acceleration to the MR acquisition, and is under active development [24] [25] [26] . To the best of our knowledge, this is the first study reporting hepatic blood flow measurement in cirrhotic patients, using the high acceleration factors offered by compressed sensing. Such high acceleration factors enable faster and higher resolution measurements in a breath hold, allowing fast phase contrast exams to be performed routinely. As faster imaging can be obtained from higher acceleration factors, we decided to leverage the power of compressed sensing to achieve higher spatial resolution, in order to improve the precision of flow measurement in small hepatic vessels such as the HA. Our phantom experiment showed that PC-GRAPPA overestimated vessel area and flow in smaller vessels, likely due to partial volume effect, while PC-SPARSE had higher concordance with a fully sampled, high resolution acquisition.
In the PV, PC-SPARSE was in good agreement with PC-GRAPPA, with limits of agreement similar to a previous report comparing parallel imaging to compressed sensing (mean PV velocity 13.3 cm/s, limits of agreement −3.79 / 3.02 cm/s in [27] ). In the HA, lower agreement was observed between the two sequences. Furthermore, PC-GRAPPA was found to overestimate in vitro flow in small caliber vessel (5 mm diameter) by more than 50%, which may be due to the limited spatial resolution achieved by PC-GRAPPA.
In vivo PV and HA velocity and flow values were similar to previous reports. In 29 subjects, Sugano et al. [29] measured PV flow of 25.0 and 18.3 mL/s and PV velocity of 14.3 and 10.1 cm/s for non-cirrhotic and cirrhotic subjects respectively, while Nanashima et al [11] measured PV velocity of 12.8 cm/s in 58 subjects with liver disease. In 9 healthy subjects measured at two time points, Yzet et al [14] reported PV and HA flow of 15.8/17.1 and 3.2/4.0 mL/s respectively, and corresponding ART of 16.8/19.0%. Recent work reported ART of 16.4 ± 15.8 % in 17 patients with liver cirrhosis using 4D flow imaging [17] . Using dynamic contrast-enhanced (DCE) MRI, Annet et al [30] reported significantly higher portal fraction (100 -ART) in cirrhotic patients (43.81 ± 31.97 vs. 82.58 ± 14.88 for non-cirrhotic liver) and substantial correlation with HVPG (r −0.769, p < 0.001). In our experience, ART was lower than these findings in PH subjects. One possible reason is the low number of Child Pugh C patients in our study, which would otherwise tend to bias the distribution towards higher ART. Another reason may be the conceptual nature of DCE-MRI, which estimates parenchymal flow, while PC MRI measures vessel flow, some of which might be diverted from the parenchyma via collaterals.
HVPG measurement remains the reference technique to diagnose portal hypertension. However, prognosis is routinely evaluated using Child Pugh score [31] and by assessing risk factors such as the presence and size of varices [32] . We found moderate correlations between PV velocity and Child-Pugh score. Similarly, decreased PV velocity with increasing Child-Pugh scores was previously observed using Doppler technique [33] [34] [35] . The large size of the portal vein does not require high-spatial resolution, hence the performance of both sequences for diagnosis of cirrhosis were similar using PV velocity. For the measurement of the PV alone, the 6 fold acceleration provided by compressed sensing could be used to decrease the breath-hold time compared to the PC-GRAPPA sequence at similar spatial resolution, thereby improving the success rate of the technique in patients having difficulty breath holding.
None of the PV and HA flow parameters reflected significant changes in advanced and decompensated cirrhosis (Child-Pugh B and C). This may be due to the low number of decompensated cirrhosis in our cohort (n=2). Our preliminary data suggest that ART may have potential for detecting advanced cirrhosis. PC-SPARSE demonstrated higher ART in patients Child Pugh B and C (with trend towards significance).
A high resolution compressed sensing acquisition resulted in better vessel depiction, higher precision of the flow measurement in small vessels (as demonstrated by flow phantom experiments), and lower partial volume effect (as evidenced by significantly lower measured vessel area). However a higher level of artifact was also observed with PC-SPARSE, which may be reduced further by using a higher magnetic field (3.0 T) to improve SNR, or by exploiting spatial sparsity in addition to temporal sparsity of cine PC, as well as sparse properties of the phase contrast angiography technique [36] .
Measuring a small pulsatile vessel such as the HA can be challenging. First, localizing the HA vascular tree is not trivial because of anatomical variants [37] . Our HA flow analysis was performed only on 31 subjects for which the HA and PV were parallel to each other. Total HA flow estimation would benefit from a 4D flow technique [17, 18, 38] , which would theoretically increase the precision and success rate of HA flow measurement. Recent work proposed accelerated 4D flow [39, 40] , making this technique potentially usable clinically.
There are several limitations to this study. First, the prandial state of the subjects was not controlled. Increased PV flow may occur after a meal [41] , and these effects should be addressed in a prospective study. Second, flow parameters were compared to the Child-Pugh class. Future work should address the comparison of hepatic flow PC MRI with quantitative metric such as the HVPG. Finally, comparisons with fibrosis stage was not performed since histopathology was available only in a limited number of cases (n=17).
In conclusion, high-resolution phase contrast MRI can be performed in a single breath hold acquisition using compressed sensing acceleration and provides improved hepatic vessel delineation while reflecting changes in hepatic flow in liver cirrhosis. Example of PC-SPARSE random sampling and reconstruction using dynamic compressed sensing in a 54-year old female patient with non cirrhotic liver. A: measured k-space with random variable density sampling applied in the phase encoding direction (Ky) and the dynamic direction (cardiac phase and velocity encoding). B: image before reconstruction (zero filled Fourier transform). C: reconstructed image, after 30 iterations, shows excellent conspicuity of the portal vein (PV) and hepatic artery (HA) (arrows). Bland-Altman plots depicting the comparison of PC-SPARSE with PC-GRAPPA for portal venous flow (PVF), velocity (PVV) and area (PVA), and hepatic arterial flow (HAF), velocity (HAV) and area (HAA). Difference between the two techniques is given as a percentage of the corresponding average parameter value. Lines indicate bias, lower and higher limits of agreement. Better agreement is observed in PV. Table 3 Image quality scores for PC-GRAPPA and PC-SPARSE sequences. Table 5 Discrimination between subjects without and with liver cirrhosis and between subjects with Child-Pugh A vs. Child-Pugh B and C. Flow parameters are
given as mean ± standard deviation. 
